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7KLVLVWKHVWWLPHZKHUHFRXQWULHVDJUHHGWRVHWGHILQLWLYHWDUJHWVWKDWDOOFRXQWULHVDJUHHGXSRQ1RZFRPHV
WKHKDUGSDUWRILPSOHPHQWLQJGLIIHUHQWVWUDWHJLHVLQRUGHUWRDFKLHYHWKLV7KHPDLQLVVXHQRZLVKRZWRFXWGRZQRI
WKH &2HPLVVLRQVZKLFK DUH WKHPDLQ FDXVH IRU JOREDOZDUPLQJ2QH RI WKH DUHDV WKDW RIIHU KLJK SRWHQWLDO IRU
HQHUJ\HIILFLHQF\LVWKHEXLOGLQJVHFWRU$FFRUGLQJWR86VWDWLVWLFVSXEOLVKHGLQ%XLOGLQJ(QHUJ\'DWD%RRN>@LQ
WKH\HDUEXLOGLQJVZHUHUHVSRQVLEOHIRURIDOOHQHUJ\XVHDQGRIHOHFWULFDOFRQVXPSWLRQ
7KHUH KDV EHHQ D WUHPHQGRXV LQFUHDVH LQ XVH RI UHQHZDEOH HQHUJ\ 5( LQ WKH SDVW GHFDGHZLWK VRODU SRZHU
SUHVHQWLQJ WKHKLJKHVWSRWHQWLDO0DQ\ UHVHDUFKHUVKDYH LQYHVWLJDWHGZD\V WR LQFRUSRUDWHGLIIHUHQW W\SHVRI5( LQ
EXLOGLQJVDVDZD\WRUHGXFHWKHLUHOHFWULFLW\GHPDQGIURPWKHJULGZKHUHHOHFWULFLW\LVPDLQO\JHQHUDWHGXVLQJIRVVLO
IXHOV>@7KLVSDSHUSUHVHQWVVLPLODUZRUNLQZKLFKWKHSRWHQWLDO WR LQWHJUDWH5(LQWRH[LVWLQJKRPHVLQ'XEDL
8$(LVDVVHVVHGIURPERWKWHFKQLFDODVZHOODVHFRQRPLFDO
0HWKRGRORJ\
5HVHDUFKHUVKDYHXVHGDZLGHUDQJHRIPHWKRGRORJLHVWRVWXG\WKHLPSDFWRIGLIIHUHQWW\SHVRI5(V7KLVLQFOXGHV
0DWKHPDWLFDODQDO\VLVDQGPRGHOOLQJFDVHVWXGLHV ODERUDWRU\	ILOHGH[SHULPHQWVDQGFRPSXWHUPRGHOOLQJ:KLOH
PRVWSHRSOHZRXOGEHWHPSWHGWRDSSO\WKHH[SHULPHQWDOP\WKRORJ\>@ WKHH[SHULPHQWDOPHWKRGUHPDLQVRQHRI
WKH PRVW H[SHQVLYH DQG WLPH FRQVXPLQJ PHWKRGRORJLHV WKXV PRUH UHVHDUFKHUV KDYH EHHQ IDYRULQJWKH XVH RI
FRPSXWHU VLPXODWLRQ >@&RPSXWHUPRGHOOLQJRIIHUV D ORZFRVW DVZHOO DV DTXLFNPHWKRGRI DVVHVVLQJGLIIHUHQW
EXLOGLQJDQGWHFKQRORJ\FRQILJXUDWLRQVZLWKKLJKDFFXUDF\7KHSRSXODULW\RIVLPXODWLRQLVKDVEHHQDLGHGE\WKH
FRQWLQXRXV LPSURYHPHQW LQ WKH DFFXUDF\RI FRPSXWHUPRGHOVERWK FXVWRPPDGH DQGFRPPHUFLDO DVZHOO DV WKH
HQKDQFHGVSHHGRIWKHUHTXLUHGFRPSXWDWLRQDOIDFLOLWLHV7KXVFRPSXWHUVLPXODWLRQZDVFKRVHQDVWKHPHWKRGRORJ\
LQWKLVVWXG\
7KHUHLVD ODUJHQXPEHURIHQHUJ\PRGHOOLQJVRIWZDUHDYDLODEOHHDFKZLWKLWVRZQXQLTXHIHDWXUHVFDSDELOLWLHV
VDQG OLPLWDWLRQV 6LQFH WKLV UHVHDUFK LV ORRNLQJ DW ERWK WKH WHFKQLFDO DQG HFRQRPLF DVSHFWV RI LQWHJUDWLQJ5( WKH
IRFXV ZDV RQ D VRIWZDUH WKDW FDQ GR ERWK 7KH WRS WZR VXFK VRIWZDUH WKDW FDQ GR WKLV DUH 5(76FUHHQ >@ DQG
+20(5>@+20(5ZDVVHOHFWHGIRUWKLVUHVHDUFKDVLWLVVLPSOHUDQGIDVWHUWRXVHZKHQVWXG\LQJDZLGHUDQJHRI
FRQILJXUDWLRQV
&DVHVWXG\
)LJXUHVKRZVWKHKRXVHVHOHFWHGIRUXVHLQWKHFXUUHQWVWXG\7KLVLVDSXEOLFKRXVLQJYLOODEXLOWE\WKH8$(
0LQLVWU\RI3XEOLF:RUNV0R3:IRUORFDO(PLUDWLIDPLOLHV7KLVGHVLJQLVGHVLJQDWHGDVPRGHODQGZDVEXLOW
LQVHYHUDOORFDWLRQVLQWKH8$(LQWKHSHULRG7KHWRWDOIORRUDUHDRIWKHKRXVHLVP7KHURRIDUHDLV
P7KLVGRHVQRW LQFOXGH WKHDUHDDERYH WKHVWDLUZHOOZKLFK LVDURXQGPQRU WKHDUHDDERYH WKHDWWDFKHG
JXHVWKRXVH0DMOLVLVP)LJXUHVKRZVWKHORFDOHOHFWULFLW\GHPDQGIRUWKHKRXVH>@
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)LJXUH7KHKRXVHXVHGDVFDVHVWXG\LQWKHFXUUHQWSDSHU>@
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)LJXUH7KHPRQWKO\HOHFWULFDOFRQVXPSWLRQRIWKHKRXVHXVHGDVFDVHVWXG\LQWKHFXUUHQWSDSHU>@
+20(5PRGHOOLQJDQGGDWDDQDO\VLV
,QDGGLWLRQWRWKHHOHFWULFLW\FRQVXPSWLRQSURILOHLQ)LJXUHORFDOVRODUUDGLDWLRQDQGZLQGGDWDDUHUHTXLUHGDV
LQSXW WR +20(5 >@ 6HYHUDO FRQILJXUDWLRQV ZHUH DVVHVVHG E\ +20(5 EDVHG RQ WKH PRVW HFRQRPLFDO
FRQILJXUDWLRQRIJULGSRZHU39SDQHOVORFDWHGRQWKHYLOOD¶VURRIWZRW\SHVRIZLQGWXUELQHORFDWHGRQWRSRIWKH
VWDLUZHOODQGD'&$&FRQYHUWHUQREDWWHU\VWRUDJHZDVFRQVLGHUHGVLQFHWKLVLVDJULGFRQQHFWHGV\VWHP7KHDUHD
DYDLODEOHIRUWKH39SDQHOVZDVOLPLWHGWRDPD[LPXPRIPWKLVLVWKHURRIDUHDPOHVVIRUFLUFXODWLRQ
,QIRUPDWLRQ DV WR WKH 39¶V WHFKQLFDO GDWD SRZHU SURGXFWLRQ DQG VL]H DV ZHOO DV FRVWV ZDV REWDLQHG IURP WKH
*R*UHHQ6RODUVXSSOLHUZHEVLWH>@7KHZLQGWXUELQHGDWDIRUWZRVL]HWXUELQHVZDVREWDLQHGIURPWKH/XPLQRXV
5HQHZDEOH(QHUJ\ZHEVLWH>@7KHWXUELQHLIDQ\ZLOOEHORFDWHGDWWKHWRSRIWKHVWDLUZHOOLQRUGHUWRLQFUHDVHWKH
KHLJKWRI WKH WXUELQH¶VKXE:LWK LQFUHDVHGKHLJKW WKHZLQG¶VVSHHG LQFUHDVHVDQG WKHZLQG WXUEXOHQFHGHFUHDVHV
ERWKRIZKLFKHQKDQFHWKHSURGXFWLYLW\DQGUHOLDELOLW\RIWKHZLQGWXUELQH)LJXUHVKRZVWKHWHFKQLFDOVFKHPDWLFRI
WKHFRQILJXUDWLRQVVWXGLHG
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


)LJXUH7KHWHFKQLFDOHTXLSPHQWFRQVLGHUHGLQWKLVVWXG\
)ROORZLQJLVDVXPPDU\RIWKH+20(5LQSXWIRUWKHVHHOHPHQWV
z &RVW RI JULG SRZHU $('N:K    86'  $('7KLV FRYHUV WKH UHVLGHQWLDO
HOHFWULFLW\VODSVXVHGE\WKH'XEDL(OHFWULFLW\	:DWHU$XWKRULW\'(:$LQ'XEDLLQFOXGLQJWKHFXUUHQW
$('N:KIXHOVXUFKDUJHFRVW>@7KHUHLVQROLPLWRQWKHDPRXQWWKDWFDQEHERXJKWIURPRUIHHGEDFNWRWKH
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JULG'(:$LPSOHPHQWVWKHQHWPHWHULQJV\VWHPZLWKQRFDVKEDFNWRWKHFRQVXPHUVKRXOGWKHQHWEDODQFHEHRQ
WKHFRQVXPHU¶VVLGH
z &RVWRI39SDQHOV$('N:S>@3RVVLEOHWRWDOFDSDFLW\RIWKH39SDQHOVFRQVLGHUHG
DQGN:SOLPLWHGE\WKHDYDLODEOHURRIVSDFH7KHSDQHOOLIHWLPHLV\HDUV
z &RVWRIZLQGWXUELQHV$('IRUWKH:KLVSHU:WXUELQHN:'&GHVLJQFDSDFLW\DQG
$('IRU WKH:LQGLVWDU : WXUELQH N:'&FDSDFLW\ >@3RVVLEOH FRPELQDWLRQV LQFOXGHGQR
WXUELQHV:RU:VLQFHWKHZLQGWXUELQHLVWREHORFDWHGRQWRSRIWKHVWDLUZHOOWKHUHLVQRURRPIRU
PRUHWKDQRQHWXUELQHDWDWLPH7KHOLIHWLPHIRUERWKW\SHVRIWXUELQHVLV\HDUV
z &RVWRIWKHFRQYHUWHU$('N:>@3RVVLEOHVL]HVFRQVLGHUHG
N:7KHOLIHWLPHIRUWKHFRQYHUWHULV\HDUV
z 7KHDQQXDOLQWHUHVWUDWHVFRQVLGHUHGDQGEDVHGRQWKHUDQJHRIFRQVXPHULQWHUHVWUDWHV
FKDUJHGLQ'XEDL8$(DWWKHWLPHRIWKLVUHVHDUFK
%DVHGRQWKHDERYHGDWD+20(5ZDVXVHGWRVLPXODWHDQGDVVHVVPRUHWKDQSRVVLEOHFRPELQDWLRQVORRNLQJ
ILUVWIRUFRPELQDWLRQVWKDWDUHDEOHWRPHHWWKHORDGUHTXLUHPHQWVRIWKHYLOODWHFKQLFDOFRQVWUDLQWWKHQLGHQWLI\LQJ
WKHPRVWHFRQRPLFDOYLDEOHFRQILJXUDWLRQIRUHDFKFRPELQDWLRQRIJULGHOHFWULFLW\FRVWDQGLQWHUHVWUDWH7KHDQDO\VLV
LV EDVHG RQ D SURMHFW OLIH RI  \HDUV ZLWK UHSODFHPHQW RI ZLQG WXUELQHV DQG FRQYHUWHUV DV QHHGHG 7KH
HFRQRPLFYLDELOLW\ LV EDVHG RQ WKH RYHUDOO &RVW RI (OHFWULFLW\ &R( $('N: IRU HDFK FRQILJXUDWLRQ WKDW LV
WHFKQLFDOO\ YLDEOH ,Q DGGLWLRQ WR WKH &R( WKH +20(5 DQDO\VLV DOVR SURYLGHV WKH EUHDNGRZQ RI WKH HOHFWULFLW\
SURYLGHGIURPWKH5(VYVJULGSRZHU)LJXUHVKRZVWKHEUHDNGRZQRIWKHSRZHUSURYLGHGE\WKHJULG39VDQG
ZLQG WXUELQH IRU WKH FDVH RI JULG SRZHU FRVW RI  $('N:K DQG LQWHUHVW UDWH RI  7KLV LV WKH PRVW 5(
IDYRXUDEOHFRPELQDWLRQLQWKLVVWXG\VWLOORQO\RIWKHWRWDOHQHUJ\LVSURYLGHGE\5(VE\39VDQGE\
ZLQGWXUELQH
7DEOH 6XPPDU\ RI WKH UHVXOWV RI WKH RSWLPDO FRQILJXUDWLRQV IRU GLIIHUHQW JULG HOHFWULFLW\ FRVW $('N: DQG DQQXDO LQWHUHVW UDWH L 
FRPELQDWLRQV
 *ULGHOHFWULFLW\FRVW$('N:
    
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
7DEOHVXPPDULVHVWKHUHVXOWVRIRSWLPDOFRQILJXUDWLRQIRUHDFKFRPELQDWLRQRIJULGHOHFWULFLW\FRVW$('N:
DQG DQQXDO LQWHUHVW UDWH L7KH UHVXOWV IRU HDFK FRQILJXUDWLRQ DUH VKRZQ LQ WZR OLQHV7KH ILUVW VKRZ WKH39
FDSDFLW\ XVHG N:S QXPEHU RI WKH:ZLQG WXUELQH QXPEHURI WKH:ZLQG WXUELQH FRQYHUWHU FDSDFLW\
N: 7KH VHFRQG URZ VKRZV WKH RYHUDOO &R( $('N: DQG WKH RI WRWDO SRZHU SURYLGHG E\ WKH UHQHZDEOH
HQHUJ\V\VWHPVIRUWKHFRQILJXUDWLRQ)RUH[DPSOHWKHVWHQWU\LQ7DEOHJULGHOHFWULFLW\FRVWRI$('N:
DQG DQQXDO LQWHUHVW UDWH LV  DQG 7KLVPHDQV WKLV FRQILJXUDWLRQ LVPDGH XSRI 39VZLWK D
FDSDFLW\RIN:S:ZLQGWXUELQH:ZLQGWXUELQHDQGDFRQYHUWHUZLWKDFDSDFLW\RIN:7KH
&R( IRU WKLV FRQILJXUDWLRQ LV  $('N: DQG  RI WKH WRWDO HQHUJ\ LV SURYLGHG E\ WKH UHQHZDEOH HQHUJ\
UHVRXUFHVN:S39N::ZLQGWXUELQH)RUVLPSOLFLW\FRQILJXUDWLRQVWKDWDUHWRWDOO\JULGGHSHQGHQW
LHGRHVQRWLQFOXGHDQ\39VZLQGWXUELQHVRUFRQYHUWHUVDQGWKXVUHQHZDEOHHQHUJ\FRQWULEXWLRQDUHVKDGHG
ZLWKOLJKWJUH\7KHFRQILJXUDWLRQVZKLFKEHQHILWHGPRVWRIWKHXVHRIWKH39V	RUZLQGWXUELQHVLHUHVXOWHGLQ
WDQJLEOHUHGXFWLRQLQWKH&R(DUHVKDGHGZLWKOLJKWJUHHQ
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7KHGDWDLQ7DEOHVKRZWKDWWKH:LQGLVWDWLVWKHPRVWYLDEOHRIWKHWKUHHUHQHZDEOHV\VWHPVVWXGLHG7KLV
LVLQWHUHVWLQJDVPRVWZRXOGH[SHFW39VWREHWKHPRVWLQWXLWLYHFKRLFHLQDVXQQ\FRXQWU\VXFKDVWKH8$(7KH
HGJHRIWKH:RYHUWKH:DQG39VLVPDLQO\GXHWRHFRQRPLFVLHWKHDPRXQWRIHOHFWULFLW\LWFDQSURGXFH
SHUXQLWFRVWRIWKHWXUELQH
)LJXUH7KHPRQWKO\EUHDNGRZQRIWKHVRXUFHRIWKHHOHFWULFDOHQHUJ\SURYLGHGIRUWKHFDVHRIJULGSRZHUFRVWRI$('N:KDQGLQWHUHVW
UDWHRI
6WLOOIRUPRVWJULGFRVW	LQWHUHVWUDWHVWKHPRVWHFRQRPLFDOFRQILJXUDWLRQGLGQRWLQFOXGHDQ\UHQHZDEOHV\VWHPV
7KLVLVSDUWLDOO\GXHWRWKHUHODWLYHO\ORZFRVWRIHOHFWULFLW\LQ'XEDLDQGWKHUHODWLYHO\KLJKFRVWRIUHQHZDEOHHQHUJ\
V\VWHPV+LJKLQWHUHVWUDWHVDOVRGLVFRXUDJHLQYHVWLQJLQUHQHZDEOHHQHUJ\UHVRXUFHVZKLFKWHQGWRKDYHKLJKLQLWLDO
FRDVW DQG ORZ UXQQLQJ FRVWV YHUVXV WUDGLWLRQDO HOHFWULFLW\ JHQHUDWLRQ V\VWHPVZKLFK KDYH ORZHU LQLWLDO FRVWV EXW
KLJKHUUXQQLQJFRVWVPDLQO\IRUIXHO7KXVWKHKLJKHUWKHDQQXDOLQWHUHVWUDWHWKHOHVVLPSRUWDQWIXWXUHVDYLQJEHFRPH
7KLV VKRZV WKDW VPDOO VFDOH EXLOGLQJ LQVWDOOHGLQWHJUDWHG UHQHZDEOH HQHUJ\ V\VWHPV DUH VWLOO QRW LQ D SRVLWLRQ WR
FKDOOHQJH IRVVLOEDVHG JULG HOHFWULFLW\ 7KH FRVW RI VPDOOVFDOH UHQHZDEOH HQHUJ\ V\VWHPV VWLOO QHHG WR GURSZHOO
EHORZ WRGD\¶V OHYHOV LQ RUGHU WR EHFRPH D VWURQJ HFRQRPLF FRPSHWLWRU WR WKH JULG 7KLV ZLOO WDNH WLPH ,Q WKH
PHDQWLPHJRYHUQPHQWVZDQWLQJWRSURPRWHVPDOOVFDOHUHQHZDEOHHQHUJ\V\VWHPVFDQKHOSE\SURYLGLQJORDQVDW
ORZLQWHUHVWUDWHVDVVHHQIRUPRVWFRPELQDWLRQVZLWKL LQ7DEOH7KLVLVVXSSRUWHGE\)LJXUHZKLFKVKRZV
WKHRSWLPDOFRQILJXUDWLRQVDVDIXQFWLRQRIJULGSRZHUFRVWDQGLQWHUHVWUDWH
7DEOHDOVRLQFOXGHVDQRWKHULPSRUWDQWSLHFHRILQIRUPDWLRQDERXWWKHXVHRI39V	ZLQGWXUELQH7KHPD[LPXP
UHQHZDEOHHQHUJ\FRQWULEXWLRQGRHVQRWH[FHHG7KLVLVPDLQO\DVSDWLDOOLPLWDWLRQRIWKHYLOODZKLFKGRHVQRW
DOORZPRUHWKDQDN:S39V\VWHPWREHLQVWDOOHGDORQJZLWKDVLQJOH:ZLQGWXUELQH7KHXVHRIRWKHUVSDFHV
HJ WKH URRI RI WKH0DMOLV DQGRU WKH JDUGHQ FDQ SURYLGH PRUH VSDFH IRU DGGLWLRQDO UHQHZDEOH HQHUJ\ V\VWHPV
+RZHYHU VXFK ORFDWLRQV DUH QRW DV HIILFLHQW DV WKH URRI RI WKH YLOOD DQG VWDLUZHOO WKH VHFRQGDU\ ORFDWLRQV DUH
VXVFHSWLEOHWRVKDGLQJDQGRUVDIHW\LVVXHVZKLFKZRXOGUHGXFHWKHSURGXFWLYLW\DQGWKXVWKHFRVWHIIHFWLYHQHVVRI
39DQGRUZLQGWXUELQHVORFDWHGWKHUH
&RQFOXVLRQV
+20(5 HQHUJ\ DQG HFRQRPLF PRGHOOLQJ VRIWZDUH ZDV XVHG VXFFHVVIXOO\ WR SUHGLFW WKH WHFKQLFDO YLDELOLW\ DQG
HFRQRPLFIHDVLELOLW\RIDGGLQJUHQHZDEOHHQHUJ\V\VWHPV39VDQGZLQGWXUELQHVWRDYLOODLQWKH8$(7KHVWXG\
VKRZHG WKDW DW ORZ LQWHUHVW UDWHV DQGKLJKJULGHOHFWULI\FRVW WKHXVHRI UHQHZDEOHHQHUJ\ UHVRXUFHV LV D IHDVLEOH
DFWLYLW\ERWKWHFKQLFDOO\DQGHFRQRPLFDOO\8QGHUVXFKVLWXDWLRQVWKHUHQHZDEOHHQHUJ\V\VWHPVFDQSURYLGHXSWR
RIWKHWRWDOHOHFWULFLW\FRQVXPSWLRQRIWKHYLOOD7KLVSHUFHQWDJHLVOLPLWHGE\WKHDYDLODEOHXVHIXOYLOODVSDFH
WKDWFDQEHXVHGWRLQVWDOOWKH39SDQHOVDQGZLQGWXUELQH
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7KH VWXG\ DOVR VKRZV WKDW WKH FRVW RI VPDOOVFDOH UHQHZDEOH HQHUJ\ V\VWHPV QHHG WR GURS IXUWKHU WRPDNH VXFK
V\VWHPVDWWUDFWLYHDWLQWHUHVWUDWHVWKDWDUHPRUHQRPLQDO,QWKHPHDQWLPHJRYHUQPHQWVXEVLGLHVJXDUDQWHHVFDQEH
XVHGWRSURPRWHUHQHZDEOHHQHUJ\V\VWHPVXQWLOVXFKORZHUFRVWVDUHDFKLHYHG

)LJXUH7KHRSWLPDOFRQILJXUDWLRQVDVDIXQFWLRQRIJLUGSRZHUFRVWDQGLQWHUHVWUDWH
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